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Pulsed laser treatments have been performed in GaN samples of both n- and p-type conductivity.
The laser induced changes have been monitored by emissive mode and cathodoluminescence ~CL!
in a scanning electron microscope. Emissive mode observations indicate a moderate laser induced
recrystallization. The luminescent emission has been characterized in both types of samples, GaN:Si
and GaN:Mg. Whereas the evolution of CL in the Si doped samples could be explained by the
occurrence of laser induced annealing, the luminescent behavior of the Mg doped samples upon
irradiation seems to be more complex and a strong relation with the compensation or Mg activation
is suggested. Several luminescence bands with maxima ranging from 3.3 to 2.7 eV and their
dependence on irradiation conditions have been studied. © 1999 American Institute of Physics.
@S0021-8979~99!04802-1#INTRODUCTION
During the last years much effort has been devoted to the
study of wide band gap semiconducting materials, which are
very promising for optoelectronic applications. This property
makes them very suitable for the fabrication of light emitting
diodes ~LED! and semiconductor lasers in the ultraviolet-
blue region. The use of materials emitting in different re-
gions would also offer the possibility to fabricate full color
LED-based displays which allows to reach more extreme
points in the chromaticity diagram than the standard televi-
sion tubes.1 Different materials may be used for these pur-
poses. For instance II–VI compounds ~mainly ZnSe based!
are adequate for the blue-green spectral region and GaP
would be usable in the red region.2–4 In this context III–V
nitrides have two main advantages. One is the large band gap
associated to all the alloys from the system Al–Ga–In–N
ranging from red ~1.9 eV of InN! to ultraviolet ~3.4 eV of
GaN!. The other advantage is the strength of chemical bonds
in these compounds, which makes them very stable and re-
sistant, diminishing the degradation problems encountered in
other semiconductors.1 However, these good properties are
in many cases obscured by the difficulty to prepare the ma-
terial with the desired conductivity due to the compensation
phenomena widely observed in semiconductors.5 In particu-
lar p-type GaN is difficult to prepare6 and the compensation
mechanism accounting for this difficulty is not still com-
pletely understood. Low resistivity p-type GaN samples have
been obtained by doping with Mg atoms which should act as
acceptor when occupying the Ga sites. However, there is no
efficient compensation unless some treatments are per-
formed. In particular Amano et al.7 reported a resistivity as
a!Permanent address: Instituto de Fı´sica, B. Universidad Auto´noma de
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energy electrons. More recently, Nakamura6,8 prepared
p-type samples with even lower resistivity ~2 V cm!. In this
case the postgrowth treatment consisted on thermal anneal-
ing in nitrogen atmosphere at temperatures above 700 °C.
An alternative to thermal treatment is laser annealing,
that may be advantageous in many occasions.9 However not
much work has been done to study the influence of laser
treatments on the defect structure of these materials of cru-
cial importance in the fabrication of optoelectronic devices.
In this work we have used cathodoluminescence ~CL! mi-
croscopy to monitor the effect of pulsed ultraviolet laser ir-
radiation on the defect structure and the emission properties,
of n- and p-type GaN epitaxial layers.
EXPERIMENT
The samples used were GaN films grown on ~0001!
sapphire. The n-type films consisted of an 8-mm-thick GaN
buffer layer grown by the hydride vapor phase epitaxy
method and two 2-mm-thick epilayers, the upper of which
was doped with Si. The carrier concentration was
1018 cm23. The p-type samples consisted of a 150 Å AlN
buffer layer and two thin epilayers. The first one in contact
with the buffer is undoped, 1 mm thick and with a resistivity
about 105 – 106 V cm. The top epilayer is Mg doped, 2 mm
thick and with carrier concentration around 731016 cm23.
The samples were irradiated in air with 12 ns ArF excimer
laser pulses at 193 nm. The use of a beam homogenizer
allows to obtain a flat irradiance profile of 434 mm2 at the
sample site with a maximum deviation of 5%. In all cases a
fresh surface was irradiated with a number of pulses ranging
from 50 to 250 at a repetition rate of 1 Hz and an average
fluence of 300 mJ/cm2. The pulse to pulse energy fluctuation
is lower than 5%. The reflectivity of the surface at 633 nm0 © 1999 American Institute of Physics
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means of a HeNe laser beam focused to the center of the
irradiated region to a size of approximately 500 mm. The
HeNe beam was chopped at a frequency of 130 Hz and
the intensity of the reflected beam was measured by means of
a Si photodiode connected to a lock-in amplifier. Before and
after the irradiation the samples were investigated in the sec-
ondary electron and cathodoluminescence ~CL! modes of
scanning electron microscopy ~SEM! by using a Hitachi
S-2500 microscope with an electron beam energy of 15 keV.
CL measurements were performed at temperatures between
77 and 300 K. For light detection in the visible range a
Hamamatsu R928 photomuliplier was used.
RESULTS AND DISCUSSION
CL images from Si doped samples show that even for
irradiation doses as low as 50 pulses, the contrast from the
grains becomes blurred, though no changes are observed in
the emission mode images even for the most severe irradia-
tion conditions ~250 pulses!. These contrast changes which
could be associated to the initial stages of a recrystallization
process are shown in Fig. 1, and would be compatible with
the observed increase in reflectivity at 633 nm, probably as-
sociated to a decrease of surface roughness.
Figure 2, curve a, shows the spectrum from unirradiated
samples with three bands peaked at 3.54, 2.85, and 2.23 eV,
respectively. The 3.45 eV band corresponds to the near band
edge transitions while the 2.85 eV, whose origin has not
been exactly determined, has been attributed to point
defects.10,11 The 2.73 eV band, often reported in the litera-
ture, e.g., Refs. 12, 13, and 10 is referred as the yellow band
of GaN and is generally attributed to defects. Irradiation with
50 or 150 pulses does not cause changes in the spectrum of
FIG. 1. CL images of the Si doped samples: ~a! unirradiated sample, and ~b!
irradiated samples with 250 pulses.Downloaded 18 Jan 2013 to 161.111.22.141. Redistribution subject to AIP lthe nonirradiated samples. After irradiation with 250 pulses a
marked decrease of the relative intensity of the yellow band
is observed ~Fig. 2, curve b!. These changes are similar to
those observed after annealing in N2 atmosphere14 which are
explained by a decrease in nitrogen vacancy concentration
during the thermal treatment.
Emissive mode images of p-type samples show that even
at the lowest irradiation doses some changes occur. As
shown in Fig. 3 these changes consist mainly on the forma-
tion of a droplet-like structure inside the grains. The size of
the droplets increases with the number of irradiation pulses,
reaching about 2 mm for the samples irradiated with 250
pulses. Changes are also observed in CL images. The con-
trast from unirradiated sample is related to the grain structure
while in the irradiated samples the luminescence emission
seems to arise mainly from some of the droplets ~Fig. 3!. Ga
rich droplet formation during laser irradiation has been re-
ported by Wong et al.9 and attributed to decomposition of
the GaN surface. However for the lower irradiation doses an
incipient recrystallization process would be rather likely to
occur. Indeed for 50 pulses the background intensity seems
to be higher than in the nonirradiated sample, but as ob-
served in the Si-doped samples the contrast is more diffuse
than before the irradiation, which reinforce the hypothesis of
the recrystallization since the irradiation conditions are not
so severe at this stage to expect a significant surface decom-
position. The most severely irradiated sample ~250 pulses!
show that only a small fraction of the droplets are strongly
luminescent, thus concentrating the major part of the emis-
sion observed.
CL results obtained from p-type samples are shown in
Fig. 4. The spectra from p-type irradiated samples show a
relatively complex behavior. In all cases the spectrum con-
sists of a broad band centered in the violet-blue region. De-
convolution in the different cases shows the presence of sev-
eral emissions peaked at about 3.3, 3.2, 3.0, 2.85, and 2.70
eV with relative weights dependent on the irradiation treat-
FIG. 2. CL spectra from n-type samples. ~a! Unirradiated sample, and ~b!
250 pulses irradiated sample.icense or copyright; see http://jap.aip.org/about/rights_and_permissions
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3.2 eV which is the most intense component of this band
and is related to magnesium doping.15 Additional compo-
nents at 3.3 and 3 eV are also present @Fig. 4~a!#. The latter
has been previously reported and related also to magnesium
incorporation.9,16 By decreasing the excitation conditions the
deep level bands are revealed so that the components at 2.85
and 2.70 eV are the most intense @Fig. 4~b!#. This depen-
dence of the spectra upon the excitation conditions has been
already observed in many other semiconductors and attrib-
uted to a saturation effect due to the low concentration of the
defects involved in these emissions.11,17,18 The fact that emis-
FIG. 3. Emissive mode and CL panchromatic images from p-type unirradi-
ated sample @~a! and ~b!, respectively# and p-type irradiated sample with 250
pulses @~c! and ~d!, respectively#.Downloaded 18 Jan 2013 to 161.111.22.141. Redistribution subject to AIP lsion usually observed after Mg activation9 are present prior
to any treatment would be explained on the basis that a small
fraction of magnesium atoms are directly incorporated to the
Ga sublattice in such a way that can participate in the com-
pensation mechanism. Indeed Smith et al.19 have performed
time resolved measurements which reveal the presence of
two close lines in the exciton region which they suggest
could be associated to two different states of Mg atoms, one
corresponding to activated centers, and the other to dopant
atoms still inactivated. On the other hand similar bands have
been reported in n-type samples and, as stated above, attrib-
uted to different kinds of defects and not directly related to
doping, so that a contribution of them could be expected in
Mg-doped samples.
After irradiation with 50 pulses a relative increase of the
3.2 eV band is observed for all excitation conditions @Figs.
4~c! and 4~d!#. This decrease of the intensity of deep level
bands could be understood as an annealing effect. In the
samples irradiated with 150 pulses the most intense emission
corresponds to the 3 eV component @Fig. 4~e!# in agreement
with the previous work of Wong et al.9 This increase of the
relative intensity of the blue bands is compatible with a Mg
activation process induced by the laser treatment since one of
the mechanisms involved in the activation is the displace-
ment of Mg atoms to exact Ga sites.7,8 The use of a low
excitation density yields spectra with main components at
2.85 and 2.7 eV @Fig. 4~f!#. A similar dependence on excita-
tion conditions have been observed by Kaufmann et al.20
who reported photoluminescence spectra peaked at 2.8 or 3.2
eV depending on the excitation density. These authors at-
tribute the high energy emission to a (Mg0,e) recombination
process, while the 2.8 eV band would be related to a distant
donor–acceptor pair transition in which the defects involved
are suggested to be MgGa ~shallow acceptor! and a complex
MgGaVN ~deep donor!. This model could be considered the
counterpart of the model proposed by some authors to ex-
plain the yellow band.21,22 Finally, for 250 pulses irradiation
the initial situation is recovered in the sense that again for
any excitation conditions the most intense component of the
spectra is peaked at 3.2 eV @Fig. 4~g! and 4~h!#. This de-
FIG. 4. CL spectra of p-type irradiated samples recorded for different exci-
tation conditions.icense or copyright; see http://jap.aip.org/about/rights_and_permissions
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poration of N2 during the irradiation, which is likely to occur
since the irradiations are performed in air, thus a decrease of
the VN concentration could be expected. Consequently, the
concentration of MgGaVN complexes and the blue emission
intensity would be lower. Nakamura et al.8 have reported
that a thermal annealing in N2 atmosphere subsequent to Mg
activation causes an important reduction of the blue compo-
nents of the spectra, without a decrease in conductivity. On
the other hand a surface decomposition as suggested by
Wong et al.9 and Nakamura et al.8 would take along the ex-
istence of certain amount of magnesium atoms not sur-
rounded by four nitrogen atoms so that no MgGa centers are
properly formed. Since these defects seem to be involved in
the high energy component of the blue band, again a de-
crease of the relative intensity of the emission is expected.
CONCLUSIONS
CL has been used to investigate the effect of pulsed laser
irradiation on GaN films. Irradiation of Si doped n-type films
causes an effect similar to thermal annealing which can be
explained by changes in the defect structure. In Mg doped
p-type samples irradiation at low doses induces activation of
Mg as acceptor while at high doses an annealing effect takes
place which degrades the luminescence properties in the blue
spectral region.
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